Aims/hypothesis This long-term study was designed to further characterise the retinal safety profile of insulin glargine and human neutral protamine Hagedorn (NPH) insulin in patients with type 2 diabetes mellitus. Methods An open-label, 5 year, randomised (1:1), multicentre, stratified, parallel-group study conducted in the USA and Canada enrolled individuals with type 2 diabetes and either no or non-proliferative retinopathy (less than severe; Early Treatment Diabetic Retinopathy Study [ETDRS] level less than 53 in both eyes) who were treated with oral hypoglycaemic agents (OHAs) alone, insulin alone or OHAs with insulin for ≥3 months prior to study entry and a baseline HbA 1c level of 6.0-12.0%. Patients were randomised by the investigator according to the centralised interactive voice response system to receive twice-daily NPH insulin (n=509) or once-daily basal insulin glargine (n=515). The investigator was not blinded to the treatment group to which each participant had been assigned. The main objective of this study was to compare the progression of diabetic retinopathy between treatment groups by analysing the percentage of patients with three or more step progression in the ETDRS retinopathy patientlevel severity scale after treatment with either basal insulin. Masked, centralised grading of seven-field stereoscopic fundus photographs was used.
Results Similarly sustained glycaemic control was observed in both the insulin glargine and NPH insulin treatment groups. Despite a slightly greater severity of diabetic retinopathy for the insulin glargine group at baseline, three or more step progression in ETDRS score from baseline to end-of-study was similar between treatment groups (14.2% [53/374] of insulin glargine-treated patients vs 15.7% [57/ 363] of NPH-treated patients); the difference in the incidence of progression was −1.98% (95% CI −7.02, 3.06%). Other measures of retinopathy-the development of proliferative diabetic retinopathy and progression to clinically significant macular oedema-occurred to a similar degree in both treatment groups. No other safety issues, such as unexpected adverse events for either insulin emerged during the 5 year study. However, NPH insulin treatment was associated with a higher incidence of severe hypoglycaemia compared with insulin glargine.
Conclusions/interpretation This study shows no evidence of a greater risk of the development or progression of diabetic retinopathy with insulin glargine vs NPH insulin treatment in patients with type 2 diabetes mellitus. 
Introduction
Clinical trials in patients with type 1 and type 2 diabetes mellitus have established that maintenance of nearnormoglycaemic control reduces the risk of microvascular complications, such as diabetic retinopathy [1] [2] [3] [4] [5] . To facilitate reaching glycaemic goals without excessive hypoglycaemia, analogues of human insulin with improved pharmacokinetic and pharmacodynamic action profiles have been developed [6] [7] [8] [9] .
Insulin glargine (A21Gly,B31Arg,B32Arg human insulin) is a recombinant, long-acting basal insulin analogue that differs from human insulin by the substitution of glycine for asparagine at position 21 of the A chain and the addition of two arginines at the C-terminus of the B chain. These changes produce an insulin with a duration of action of approximately 24 h or more after subcutaneous injection, without pronounced peaks of activity [10] . In clinical trials, a single daily injection of insulin glargine provides glycaemic control equivalent to that afforded by neutral protamine Hagedorn (NPH) insulin [11] [12] [13] [14] [15] , but with a lower risk of hypoglycaemia [16, 17] .
One of the five 6 month, phase 3 registration trials of insulin glargine [14] reported that the percentage of participants with an increase of three or more steps on the Early Treatment Diabetic Retinopathy Study (ETDRS) retinopathy severity scale was greater in the insulin glargine group (7.0%) than in the human NPH insulin group (2.7%). This finding may have been related to chance or to differences at baseline in the patients studied, especially since no retinopathy entrance criteria were specified and the data showed more of a 'scatter' and did not follow a natural progression [18] . However, because of the potential importance of this finding, a carefully designed clinical trial of sufficient duration and statistical power was conducted to address the long-term safety of insulin glargine compared with human NPH insulin. Here we report the findings of this trial, which used change on the ETDRS scale based on the masked, centralised grading of seven-field stereoscopic fundus photographs as the primary measure of retinopathy progression in patients with type 2 diabetes mellitus [19] .
Methods

Study design
This was a 5 year, multicentre, multinational (USA and Canada), randomised (1:1), open-label, human NPH insulin-controlled, parallel-group study in patients with type 2 diabetes mellitus suited to treatment with a basal insulin. The study recruited male or female type 2 diabetes mellitus patients, aged 30-70 years, with a diagnosis of type 2 diabetes mellitus for ≥1 year, treated with oral hypoglycaemic agents (OHAs), or insulin alone or in combination, for ≥1 year prior to screening, with a stable dose(s) for ≥3 months prior to screening. HbA 1c was required to be 6.0-12.0% at screening. Exclusion criteria included the presence of proliferative or severe non-proliferative diabetic retinopathy (ETDRS level 53 or greater in either eye); laser photocoagulation or vitrectomy prior to study entry; use of any insulin analogues ≤3 months prior to screening; systolic blood pressure >150 mmHg or diastolic blood pressure >95 mmHg at screening; and a history of hypoglycaemia unawareness (more than two severe hypoglycaemia episodes without warning in the past year). The study was conducted in accordance with the Declaration of Helsinki, and approval by institutional ethics committees was obtained for each participating site. All patients provided written informed consent prior to study entry.
Study treatment Before randomisation, eligible patients were stratified on a 1:1 basis by baseline HbA 1c level (6.0-9.0% and >9.0-12.0%) to ensure that the patients in each HbA 1c category were distributed equally between the two treatment groups. Following randomisation, patients received open-label insulin glargine once daily, generally at bedtime, or NPH insulin twice daily, generally in the morning and at bedtime.
In both groups, insulin doses were titrated over the first 3 years of the study, with the aim of achieving fasting plasma glucose (FPG) levels of ≤6.7 mmol/l (≤120 mg/dl). This target was reduced to ≤5.5 mmol/l (≤100 mg/dl) for the last 2 years of the study. Whilst attempting to reach these glycaemic goals, OHAs and/or prandial insulin doses taken at baseline could be continued or modified during the trial, and human regular insulin could be added with meals even if not used at baseline, at the investigator's discretion. However, no specific titration guidelines for pre-meal regular insulin dosing were provided.
Outcome and safety measures
The primary objective of this study was to compare the percentage of patients with three or more step progression in ETDRS score after 5 years of treatment with either insulin glargine or NPH insulin. The secondary efficacy assessments included the percentage of patients with three or more step progression in ETDRS score after 3, 6, 12, 24, 36, 48 and 60 months of treatment; the percentage of patients who developed proliferative diabetic retinopathy; the distribution of change on the ETDRS scale; the percentage of patients who developed clinically significant macular oedema; the change from baseline in overall HbA 1c and FPG levels; the overall incidence and rate of symptomatic hypoglycaemia (all episodes of symptomatic hypoglycaemia), symptomatic nocturnal hypoglycaemia and severe hypoglycaemia (symptomatic hypoglycaemia requiring assistance and either with blood glucose levels of ≤3.1 mmol/l or treated with oral or injectable carbohydrate or glucagon injection); and insulin doses. Weight, blood pressure (recorded in the seated position), HbA 1c (performed by the Diabetes Diagnostic Laboratories, Columbia, MO, USA, using the National Glycohemoglobin Standardization Programme [level 1]) [5] and FPG (performed locally for each site by laboratories that were required to be Clinical Laboratory Improvement Amendment-certified) were measured every 3 months. Patients were provided the Accu-Chek blood glucose meter (Roche Diagnostics, Indianapolis, IN, USA) and instructed on how to use it during the screening phase; they were asked to measure blood glucose at least twice a day.
Diabetic retinopathy status was assessed in seven-field stereoscopic fundus photographs obtained at screening and after 3, 6, 12, 24, 36, 48 and 60 months of treatment [19] [20] [21] . Photographs underwent treatment-group-masked grading, without comparison with other photographs, at the University of Wisconsin Fundus Photograph Reading Centre (FPRC). To verify progression status, a side-by-side comparison of baseline and follow-up photographs masked to treatment was conducted by a senior grader for any patient whose ETDRS score demonstrated a three step or greater progression over baseline at any time point during the study.
Safety was assessed by the evaluation of reported adverse events using the Medical Dictionary for Regulatory Activities (MedDRA) coding (Version 10.0; MSSO, Chantilly, VA, USA). Additional safety assessments were severe hypoglycaemia; physical examinations, including periodic funduscopic examinations; vital signs (seated) and body weight; laboratory serum creatinine and lipoprotein levels were performed by Covance Central Laboratory Services (Covance CLS, Indianapolis, IN, USA) using the Roche Modular Analyzer (Roche Diagnostics, Manheim, Germany).
Statistical methods Sample size was calculated assuming a 20% 5 year event rate for a three or more step progression in diabetic retinopathy on the ETDRS scale from baseline to end of study (based on data from the DCCT [22] ), and a non-inferiority margin of 10% (half of the expected background rate of 20%) was chosen. Assuming that approximately 40% of the randomised patients would not be evaluable, a sample size of 840 randomised patients (420 per treatment group) was calculated to provide at least 80% power for declaring non-inferiority.
The per protocol (PP) population consisted of patients who had undergone at least 4 years of treatment (not necessarily consecutively) with the study drug and who had evaluable fundus photographs taken at least 4.5 years after starting study medication, or who had three or more step progression of retinopathy on the ETDRS scale. The PP population was the primary analysis population for the primary outcome endpoint. An intention-to-treat (ITT) population (all randomised patients who received at least one dose of study medication) was used to confirm the PP primary analyses and was the population used for all secondary analyses. However, as many clinical trials use the ITT population for the primary analysis, in this paper we initially present the ITT population results followed by the PP population analysis.
The primary efficacy analysis was conducted using a generalised linear model (generated by the statistics software SAS GENMOD, Version 8 [SAS, Cary, NC, USA]) with the response of three step or greater progression in the ETDRS from baseline to endpoint as the dependent variable, treatment and baseline HbA 1c strata as the classified independent variables, and with binomial distribution and identity link function. The 95% CIs were derived from least square (LS) mean results. A stepwise closed testing approach was used for the primary efficacy analysis. First, non-inferiority was demonstrated if the upper bound of the 95% CI for the treatment difference in the participants with a three step or greater progression in the ETDRS from baseline to endpoint between insulin glargine and NPH insulin in the PP population was ≤10%. Second, non-inferiority and superiority (upper bound of 95% CI <0.0%) were tested in the ITT population. The overall α level for significance was 0.05. Figure 1 shows the disposition of study participants. Patients in the two treatment groups were generally similar in terms of baseline characteristics ( Table 1 ). The majority of participants had previously been treated with OHAs, and 69% had been treated with insulin for an average of 5 years prior to study entry. The mean duration of prior insulin use, percentage of participants with a history of diabetic retinopathy, and the percentage of participants with diabetic retinopathy of moderate non-proliferative severity or worse (ETDRS level 43 or greater in either eye) by photograph grading were all slightly greater at baseline for the insulin glargine group than for the NPH insulin group. More participants in the insulin glargine group than in the NPH insulin group had Grade C macular oedema at baseline. Mean systolic and diastolic blood pressures were comparable in the two treatment groups; 60.4% and 60.9% of patients randomised to the insulin glargine and NPH insulin groups, respectively, had hypertension at baseline. (1, 413 participants were screened at 46 sites in the USA and 16 sites in Canada) received a participant number and, following fulfilment of inclusion criteria (at the end of the screening phase), were randomised by the investigator according to the centralised interactive voice response system (IVRS). The randomisation schedule (1:1) was stratified by investigational centre and baseline HbA 1c levels (6.0-9.0% and >9.0-12.0%). The investigator was not blinded to the treatment group to which each participant had been assigned. a One patient who was randomised to receive NPH insulin received insulin glargine throughout the study, and is consequently counted in the ITT population as an NPH patient, but in the safety population as an insulin glargine patient, leading to a discrepancy in the numbers for the ITT and safety populations in both the insulin glargine and NPH insulin arms FPG, HbA 1c , insulin dose and hypoglycaemia Figure 2 shows the metabolic changes over time in the two treatment arms. Overall, FPG declined in both treatment groups early in the study, and then reached a plateau until endpoint ( Fig. 2a ). In the insulin glargine group, this decline was from a mean baseline level of 10.6±3.7 mmol/l to a mean endpoint level of 7.8±3.2 mmol/l; in the NPH insulin group, FPG decreased from a mean of 10.0±3.4 mmol/l to a mean of 7.7±3.2 mmol/l (ITT population). Insulin glargine treatment increased the percentage of patients achieving the target FPG (≤5.6 mmol/l) from 6.4% at baseline to 28.5% at endpoint; NPH insulin treatment caused an increase from 7.7% to 24.3%. Mean HbA 1c in the ITT population declined in both groups during the first 6 months of the study and remained similarly stable thereafter (Fig. 2b) . At study end, mean HbA 1c (last observation carried forward) improved from a baseline of 8.4% and 8.3% to 7.8% and 7.6% for all patients in the insulin glargine and NPH insulin groups, respectively ( Table 2 ). The mean HbA 1c change from baseline was −0.55% with insulin glargine and −0.76% with NPH insulin (LS mean difference 0.21 more with NPH insulin, 95% CI 0.06-0.35; p=0.0053). An exploratory post hoc analysis of the subgroup of patients who were taking basal insulin with OHAs, but no regular insulin, which included 168 and 155 insulin glargine-treated and NPH insulin-treated patients, respectively, showed that mean HbA 1c values were equivalent between treatment groups throughout the study (Fig. 2c) .
Results
Patient demographics and baseline characteristics
The mean basal insulin dose at endpoint was lower for insulin glargine than for NPH insulin (62±39 and 72±48 IU, respectively; Table 2 ). The daily dose of prandial insulin administered at the end of the study was 44±42 and 32±38 IU for insulin glargine and NPH insulin, respectively, for the subset of patients taking prandial insulin. The mean daily total insulin doses (basal plus prandial insulin) by the endpoint of the study were 89±66 IU for the insulin glargine group and 92±66 IU for the NPH insulin group.
Frequencies of the three defined categories of hypoglycaemia in this study are shown in Table 2 . NPH insulin treatment was associated with a greater incidence of severe hypoglycaemia than was insulin glargine (11.1% [55/494] vs 7.6% [38/501], respectively; p=0.0439). Analysis of the yearly rate rather than the patient incidence revealed that there was a significant difference between the two groups with respect to symptomatic hypoglycaemia (mean yearly rate of 7.08±16.49 with NPH insulin vs 5.13±12.79 with insulin glargine; p=0.0017; Table 2 ; Fig. 2d ).
Retinopathy progression
The ITT analysis showed a difference of −2.10% (95% CI −6.29%, 2.09%) between the two treatment arms in the proportion of patients with three or more step progression (ETDRS scale), the proportion being lower for insulin glargine (Table 3) . As the upper bound of the 95% CI was >0 in the ITT analysis, superiority of Results are n (%) unless otherwise stated, as appropriate for the ITT or PP populations. The 95% CIs were calculated for the LS mean difference a n/N, number/total number analysed b Confidence intervals rather than p values were used to assess the primary outcome in this non-inferiority trial c Any eye was considered to have developed clinically significant macular oedema (CSMO) if the eye's modified CSMO score increased to level C or D from level A or B at baseline, at any time during the trial, or if an eye at level A or B at baseline had undergone focal/grid photocoagulation at any time during the trial. For a description of the different CSMO levels, see the footnotes to Table 1 . An eye was excluded from the analysis if it had previous focal/grid photocoagulation at baseline. A patient was considered to have developed CSMO if either or both eyes had developed CSMO PDR, proliferative diabetic retinopathy insulin glargine over NPH insulin was not demonstrated. At endpoint in approximately 14% of patients in each treatment group, retinopathy had progressed by three or more steps. There were no differences between treatments in the proportion of patients with three or more step progression in ETDRS score at endpoint in either of the two randomised HbA 1c strata (6.0-9.0% and >9.0-12.0%). The primary analysis population for retinopathy progression was, however, the PP population, and Fig. 3 shows the incidence of progression of retinopathy compared with baseline at various stages of treatment in these patients. At the end of 1 year of treatment, three or more step progression in ETDRS score was observed in 4.6% and 5.8% of insulin glargine-treated and NPH insulin-treated participants, respectively (Fig. 3a) . The frequency of patients showing three or more step ETDRS progression continued to increase in year 2 (8.1% vs 9.4% in the insulin glargine and NPH insulin groups); Fig. 3a presents the incidence of progression over time for both treatment groups. At endpoint, 14.2% (53/374) of insulin glargine-treated patients and 15.7% (57/363) of NPH insulin-treated patients in the PP population had three or more step progression in ETDRS score (Fig. 3b) . The difference in the incidence of progression was −1.98% (95% CI −7.02%, 3.06%) for insulin glargine vs NPH insulin, demonstrating non-inferiority of insulin glargine compared with NPH insulin. At endpoint, in approximately 25% of patients in each treatment group, retinopathy had progressed by two or more steps (ESM Fig. 1 ).
On analysis of the development of ophthalmic lesions, neither the proliferative diabetic retinopathy development rate nor the incidence of progression to clinically significant macular oedema were significantly different between treatment groups over 5 years in either the ITT or PP populations ( Table 3) .
Safety profile Body weight gain tended to be greater with NPH insulin than with insulin glargine, with a baseline to endpoint increase in mean body weight of 3.7 kg for insulin glargine and 4.8 kg for NPH insulin (ITT population; p= 0.0505; ESM Fig. 2) .
The rates of adverse events were similar for the two treatments (ESM Table 1 ). As shown in ESM Table 2 , disparities between treatment groups for events with an incidence of at least 5% in the insulin glargine group, with a difference in incidence by treatment group of at least 1%, were not remarkable in any case. There was no observable trend for a difference in the incidence of serious adverse events, as well as adverse events leading to study withdrawal, and the overall incidence of adverse events leading to death was low and comparable between treatment groups (ESM Table 1 ).
There were minimal changes in mean blood pressure in both treatment groups from baseline to endpoint in the ITT population. For the insulin glargine and NPH insulin groups, LS mean change from baseline to endpoint systolic blood pressure was +1.1±0.8 and +1.6±0.8 mmHg and diastolic blood pressure was −2.4±0.4 and −2.2±0.4 mmHg, respectively.
Discussion
This study was specifically designed to detect differences in the incidence of retinopathy progression by fundus photography over a 5 year period. To ensure the greatest possible objectivity of this assessment, retinopathy scoring was conducted at a single ophthalmologic centre, in a standardised fashion, by specially trained and certified graders who were masked to treatment. Throughout the study, changes in ETDRS scores in each group were remarkably similar, with no significant differences between treatment Fig. 3 Primary and secondary retinopathy outcomes following treatment with either twice-daily NPH insulin (black bars) or oncedaily insulin glargine (white bars; PP population). a Prevalence of three or more step progression on the ETDRS retinopathy severity scale during the course of the study. Percentage of patients calculated using the number of PP population as denominator. b Proportion of patients with three or more step progression on the ETDRS scale at endpoint. Percentage of patients calculated using the number of participants in the PP population as the denominator. There were 57/ 363 (15.7%) of NPH insulin-treated patients and 53/374 (14.2%) of insulin glargine-treated patients with three or more step progression on the ETDRS. The difference in progression rate between treatment groups was −1.98 (95% CI −7.02, 3.06) groups. Likewise, there were no significant differences in the number of patients with clinically significant macular oedema and proliferative diabetic retinopathy development between the insulin glargine and NPH insulin groups. Collectively, these results demonstrate that treatment of type 2 diabetes mellitus with insulin glargine over 5 years was not associated with an increase in progression of diabetic retinopathy, compared with NPH insulin treatment.
Because the primary objective of this study was to examine effects on diabetic retinopathy, and not to specifically evaluate intensive glycaemic lowering, similar levels of glycaemic control were sought by the treatment strategy, to minimise any confounding effect on the interpretation of the retinal findings. Despite this intent, a small difference in HbA 1c levels in favour of twice-daily NPH insulin (7.6% vs 7.8%; p=0.0053) was observed between the two treatments at endpoint. The statistical significance was probably detected because of the large sample size required for the retinopathy primary analysis. Furthermore, the upper bound of the 95% CI for HbA 1c treatment effect (0.35%) was lower than the non-inferiority margin of 0.4% commonly used to compare two glucoselowering treatments. Given that control of FPG was similar between the two groups, the lower HbA 1c levels in the NPH insulin arm of the study were presumably due to lower glucose levels during the day, likely related to the higher doses of the twice-daily NPH insulin regimen compared with once-daily insulin glargine, and perhaps to the higher percentage of patients combining prandial insulin with NPH insulin. Of note, in the exploratory analysis on the cohort of approximately one third of the study population who took basal insulin only, mean HbA 1c levels at any visit were nearly identical in both groups for most of the study. In any event, the presence of lower HbA 1c levels of 0.1% at baseline and 0.2% at study end in the NPH insulin arm strengthens the observation that, if different at all, the retinal changes were slightly less with insulin glargine than with NPH insulin treatment. Lending further support to this interpretation is the somewhat greater prevalence of retinopathy in the insulin glargine group at baseline, both in terms of medical history and of more severe ETDRS scores, which might predispose these patients to faster progression of diabetic retinopathy. This is the longest controlled study ever reported using insulin glargine. It has demonstrated sustained glycaemic improvements and a reduced risk of severe hypoglycaemia compared with NPH insulin. Furthermore, the average weight gain was approximately 0.74 and 0.96 kg/year for insulin glargine and NPH insulin, respectively, over the 5 year study.
The lack of increase in progression of retinopathy seen with long-term insulin glargine treatment in this study is a point of discussion in terms of the hypothesis that the greater binding affinity of insulin glargine compared with NPH insulin for the IGF-1 receptor may lead to accelerated progression of retinopathy (a marker of mitogenicity), as suggested by some in vitro studies [23, 24] . It should be noted that the majority of in vitro and in vivo studies have shown that insulin glargine is not associated with increased mitogenic activity at physiological concentrations [25] [26] [27] [28] , and that mitogenicity is only seen in studies using cancer cell lines and when insulin is administered at supraphysiological concentrations [24, 26] . There is further evidence against problematic glargine-induced signalling at the insulin receptor: insulin glargine dissociates rapidly from the receptor, in contrast to the mitogenic B10Asp insulin, which dissociates at a much slower rate [29] .
The frequency of retinopathy progression observed in this study was similar to that previously reported in the UK Prospective Diabetes Study (UKPDS), a large, long-term, randomised trial of intensive treatment in patients with newly diagnosed type 2 diabetes mellitus [2, 4] . In a subset of UKPDS patients with adequate fundus photographs at both the baseline and 6 year visits (all treatment groups combined), progression of retinopathy by two or more steps on the ETDRS scale was observed in 467 of 1,919 patients (24.3%), which is very similar to the 5 year two or more step progression observed in our patients (approximately 25%). Caution is required when comparing these frequencies because of differences between the studies, in particular the side-by-side comparison of baseline and follow-up photographs used by the Wisconsin grading centre to confirm progressions of three or more steps, which may have reduced the frequency observed in our study. The recently diagnosed type 2 diabetes patients in the UKPDS and the patients in the present study (mean diabetes duration 10 years) also differed in terms of the presence of retinopathy at baseline (defined as at least one microaneurysm in at least one eye; 37% vs 61%, respectively).
In summary, this long-term, adequately powered study robustly confirms that treatment with insulin glargine does not confer any greater risk of worsening of diabetic retinopathy than does NPH insulin treatment [18] . Moreover, it provides further new information regarding the long-term safety of insulin glargine compared with NPH insulin, beyond that of ophthalmic safety, demonstrating that similarly sustained improvements in glycaemic control with a lower risk of hypoglycaemia can be obtained with once-daily insulin glargine compared with twice-daily NPH insulin. study protocol and prespecified plan for data analysis, was provided by X. Guo (sanofi-aventis) and were independently confirmed by C. L. Yau of Tulane University. Data from this manuscript were presented as an oral presentation at the American Diabetes Association 2008 congress (San Francisco, CA, USA, 6-10 June 2008).
